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ABSTRACT:  Yttria-stabilized  hafnia  (YSH)  films  of  90  nm  thickness  have  been 
produced  using  sputter-deposition  by  varying  the  growth  temperature  (Ts)  from 
room-temperature  (RT)  to  400  °C.  The  effect  of  Ts  on  the  structure, 
morphology,  and  thermal  conductivity  of  YSH  films  has  been  investigated. 

Structural  studies  indicate  that  YSH  films  crystallize  in  the  cubic  phase.  The 
lattice  constant  decreases  from  5.15  to  5.10  A  with  increasing  Ts.  The  average 
grain  size  (L)  increases  with  increasing  Ts;  L—Ts  relationship  indicates  the 
thermally  activated  process  of  the  crystallization  of  YSH  films.  The  analyses 
indicate  a  critical  temperature  to  promote  nano  crystalline,  cubic  YSH  films  is 
300  °C,  which  is  higher  compare  to  that  of  pure  monoclinic  Hf02  films. 

Compared  to  pure  nano  crystalline  hafnia,  the  addition  of  yttria  lowers  the 
effective  thermal  conductivity.  The  effect  of  grain  size  on  thermal  conductivity  is 
also  explored. 

KEYWORDS:  yttria-stabilized  hafnia ,  thin  films ,  growth ,  structure,  thermal  conductivity,  time-domain  thermoreflectance 


1.  INTRODUCTION 

Hafnium  oxide  (Hf02)  is  a  high- temperature  refractory 
material  with  excellent  physical,  electronic,  and  chemical 
properties.1-10  The  outstanding  chemical  stability,  electrical 
and  mechanical  properties,  high  dielectric  constant  (high-k), 
and  wide  band  gap  of  Hf02  makes  it  suitable  for  several 
industrial  applications  in  the  field  of  electronics,  magneto¬ 
electronics,  structural  ceramics,  and  optoelectronics.1-6  Hf02 
has  been  identified  as  one  of  the  most  promising  dielectrics  for 
the  nanoelectronics  industry  to  replace  Si02.6 

Hf02  exhibits  various  polymorphs;  monoclinic,  tetragonal, 
and  cubic.  The  stable  structure  of  Hf02  is  mono  clinic  under 
normal  conditions  of  temperature  and  pressure.9'10  It  trans¬ 
forms  into  the  tetragonal  form  when  heated  to  temperatures 
higher  than  1700  °C.9'10  Further  transformation  into  the  cubic 
polymorphic  form  having  the  fluorite  structure  takes  place  at 
2700  °C.  Similar  to  zirconia  (Zr02),  doping  a  small  amount  of 
yttria  (Y203)  stabilizes  the  Hf02  cubic  phase  (Fm3m  space 
group),  which  exists  at  high  temperatures.11-18  The  overall 
cubic  symmetry  of  Hf02  is  preserved  down  to  room 
temperature  in  yttria-stabilized  hafnia  (YSH),  which  belongs 
to  the  group  of  fluorite-structured  (CaF2)  oxygen  superionic 
conductors.11  Interest  in  yttria-stabilized  zirconia  and  hafnia 
materials  is  generated  because  of  a  wide  variety  of  their  high 
temperature  applications  involving  solid  oxide  fuel  cells,  oxygen 
sensors,  etc.17'  8  In  addition,  YSH  is  used  as  thermal  barrier 
coatings  to  protect  metallic  components  such  as  combustion 
cans,  blades,  vanes,  etc.,  of  the  hot  sections  of  aerospace  and 
land-based  gas  turbines  against  high-temperature  environments. 
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Cubic  hafnia  stabilized  at  room  temperature  has  been  shown 
to  exhibit  an  increased  dielectric  constant  compared  to  that  in 
the  monoclinic  phase,  the  most  common  form  of  hafnia.13-16 
Stabilized  cubic  hafnia,  therefore,  provides  a  platform  to  explore 
the  fundamental  science  and  future  technological  applications. 
However,  compared  to  various  potential  applications  and  the 
structure  property  relation  of  yttria-stabilized  zirconia  (YSZ) 
studied  in  the  recent  past,1  -  9  the  fundamental  microscopic 
characteristics  and  thermal  conductivity  mechanism  of  YSH 
materials  are  not  well  understood,  specifically  at  reduced 
dimensions.  Although  macroscopic  studies  and  some  computa¬ 
tional  work  exist,  the  ultramicrostructure  and  property 
relationships  in  YSH  materials  are  scarce  in  the  literature. 
Specifically,  the  focus  toward  understanding  thermal  properties 
of  YSH  coatings  is  meager.  It  is,  therefore,  of  interest  to 
investigate  the  correlation  between  microstructure  and  thermal 
conductivity  in  YSH  films  as  a  function  of  growth  conditions 
which  is  the  impetus  for  the  present  work.  A  correlation 
between  the  crystal  structure,  grain  size,  and  thermal 
conductivity  of  YSH  films  made  by  radio  frequency  magnetron 
sputtering  is  presented  and  discussed  in  this  paper. 

2.  EXPERIMENTAL  SECTION 

A.  Fabrication.  The  yttria-doped  hafnia  (YSH)  coatings  were 
deposited  onto  silicon  (Si)  (100)  wafers  by  radio  frequency  magnetron 
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sputtering.  All  the  substrates  were  thoroughly  cleaned  and  dried  with 
nitrogen  before  introducing  them  into  the  vacuum  chamber,  which 
was  initially  evacuated  to  a  base  pressure  of  ~0.21  mPa.  YSH  target  (5 
cm  diameter,  0.32  cm  thick)  (Plasmaterials  Inc.)  was  used  for 
sputtering.  The  composition  of  yttria  in  YSH  was  maintained  at  7.5 
mol  %  (7.5  YSH).  The  YSH  target  was  placed  on  a  sputter  gun,  which 
was  correspondingly  placed  at  a  distance  of  8  cm  from  the  substrate.  A 
sputtering  power  of  30  W  was  initially  applied  to  the  target  while 
introducing  high  purity  argon  (Ar)  into  the  chamber  causing  plasma 
ignition.  Once  ignited,  the  power  was  increased  to  100W  to  deposit 
the  films.  The  flow  of  the  Ar  was  controlled  using  an  MKS  mass  flow 
meter.  Before  each  deposition,  the  YSH-target  was  presputtered  for  10 
min  using  Ar,  keeping  the  shutter  above  the  gun  closed.  Deposition 
was  made  to  obtain  a  ~90  nm  thick  coating.  The  samples  were 
deposited  at  different  temperatures  (Ts)  varying  from  room  temper¬ 
ature  (RT)  to  400  °C.  The  substrates  were  heated  by  halogen  lamps 
and  the  desired  temperature  was  controlled  by  an  Athena  X25 
controller. 

B.  Characterization.  The  grown  YSH  coatings  were  characterized 
by  performing  structure,  morphology  and  thermal  conductivity 
measurements.  To  avoid  interference  by  the  substrate  and  obtain 
diffraction  pattern  of  the  coatings,  we  performed  grazing  incidence  X- 
ray  diffraction  (GIXRD)  on  the  YSH  coatings.  GIXRD  measurements 
were  performed  using  a  Bruker  D8  Advance  X-ray  diffractometer.  All 
the  measurements  were  made  ex-situ  as  a  function  of  Tsv  GIXRD 
patterns  were  recorded  using  Cu  K a  radiation  (2  =  1.54056  A)  at  RT. 
A  high  voltage  of  40  kV  was  used  to  generate  the  X-rays.  The  GIXRD 
patterns  were  recorded  employing  the  X-ray  beam  fixed  at  a  grazing 
incidence  of  1°.  The  scanning  was  performed  in  a  2 6  range  of  15—70° 
using  the  "detector  scan”  mode,  where  the  detector  was  independently 
moved  in  the  plane  of  incidence  to  collect  the  diffraction  pattern.  The 
step  size  and  the  scan  speed  were  0.05°  (26)  and  5°/min,  respectively. 
For  these  set  of  conditions,  the  X-ray  beam  passes  sufficiently  long 
distance  through  the  coating  along  to  provide  the  observed  diffraction 
patterns. 

Surface  imaging  analysis  was  performed  using  a  high-performance 
and  ultra-high-resolution  scanning  electron  microscope  (Hitachi  S- 
4800).  The  secondary  electron  imaging  was  performed  on  YSH  films 
grown  on  Si  wafers  using  carbon  paste  at  the  ends  to  avoid  charging 
problems.  The  grain  detection,  size-analysis,  and  statistical  analysis 
were  performed  using  the  software  provided  with  the  SEM. 

Thermal  conductivity  measurements  were  performed  with  a  two- 
color  time-domain  thermoreflectance  (TDTR)  lab.  This  experiment  is 
a  modified  version  of  a  previously  reported  system,30  and  details  of  the 
modifications  only  will  be  given  here.  The  output  of  a  mode-locked 
Ti:  sapphire  laser  (2  =  787  nm)  is  split  into  a  pump  and  a  probe  beam. 
The  pump  beam  is  sent  first  through  a  pulse  compressor  (for 
correction  of  pulse-stretching  effects)  and  then  through  an  electro¬ 
optic  modulator  (EOM),  which  imposes  a  square-wave  pulse  train 
with  a  frequency  of  9.8  MHz.  The  pump  beam  is  then  aligned  along  a 
mechanical  translation  stage  to  alter  systematically  the  timing  between 
the  pump  and  the  probe  pulses.  The  probe  beam  is  sent  through  an 
optical  parametric  oscillator  for  wavelength  modification  (2  =  700 
nm).  Both  pump  and  probe  beams  also  have  half-waveplate /polarizer 
combinations  for  arbitrarily  controlling  the  beam  intensity.  Both 
beams  are  then  focused  to  a  spot  size  of  ~50  (im  diameter  at  a  45° 
angle  to  the  sample.  The  reflected  probe  beam  is  spatially  filtered, 
recollimated,  and  sent  through  a  750  nm  short-pass  optical  filter  to 
reject  scattered  pump-beam  light  (polarization  filtering  is  not 
required).  Finally,  the  probe  beam  is  passed  through  a  neutral-density 
filter  (optical  density  =  1.0)  and  focused  onto  a  silicon  (Si) 
photodiode  detector.  The  output  of  the  detector  is  sent  to  the  input 
of  a  dual-phase,  radio  frequency  (RF)  lock-in  amplifier  that  has  its 
reference  channel  connected  to  the  same  electronic  signal  that  drives 
the  EOM.  The  scans  and  data  acquisition  are  computer  controlled  by 
means  of  a  homemade  Lab  VIEW  program. 

The  YSH  samples  were  coated  with  an  ~80— 100  nm  thick  layer  of 
sputtered  aluminum  (Al)  to  produce  a  high  reflectivity  surface,  which 
is  a  standard  procedure  for  the  TDTR  technique.  The  layer  sequence 
of  the  Si  substrate  substrate,  YSH  film,  and  Al  over  layer  reflective 


coating  is  schematically  represented  in  Figure  1.  Sputtering  was 
conducted  in  a  vacuum  chamber  with  a  base  pressure  of  <1  X  10“7  Pa 


4 
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Figure  1.  Schematic  diagram  of  the  layer  sequence  grown  for  thermal 
conductivity  measurements.  The  Si  substrate,  YSH  film,  and  Al  top 
layer  reflecting  coating  are  as  shown. 


to  obtain  a  high  purity  Al  film.  An  unbalanced  magnetron  fitted  with  a 
5  cm  diameter,  >99.99%  pure  Al  target  was  operated  with  a  power 
density  of  ~50  W  in  a  0.2  Pa  Ar  background.  Samples  were  insulated 
from  ground  during  Al  deposition  and  were  not  actively  heated  or 
cooled.  In  order  to  compare  and  contrast  thermal  conductivity  of 
nanocrystalline,  cubic  YSH  samples,  a  pure,  nanocrystalline, 
monoclininc  Hf02  sample  with  a  comparable  grain  size  was  also 
examined  following  the  same  procedure  and  TDTR  method. 

3.  RESULTS  AND  DISCUSSION 

A.  Crystal  Structure.  The  XRD  patterns  of  YSH  films  are 
shown  in  Figure  2  as  a  function  of  Ts.  The  XRD  curves  of  YSH 
films  exhibit  the  peaks  corresponding  to  cubic  structure  of 


Figure  2.  XRD  patterns  of  YSH  coatings  grown  at  various  substrate 
temperatures.  YSH  coatings  grown  at  various  substrate  temperature 
exhibits  the  cubic  phase  as  indexed.  The  PDF  of  cubic  hafnia  is 
presented  for  comparing  the  data  of  YSH  coatings  obtained  in  the 
present  work. 
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Hf02.  It  is  evident  (Figure  2)  that  the  peak  at  ~30.28°  which 
corresponds  to  diffraction  from  (ill)  planes  is  rather  broad  for 
films  grown  at  Ts  =  RT-200  °C  indicating  the  presence  of 
nano  crystalline  particles  embedded  in  an  amorphous  matrix. 
The  intensity  and  the  width  of  the  (ill)  peak  increases  with 
increasing  Ts.  This  is  indicative  of  an  increase  in  the  average 
crystallite-size  and  preferred  orientation  of  the  film  along  (ill). 
The  lattice  parameter  determined  from  XRD  curves  exhibit  a 
decreasing  trend  from  5.15  to  5.10  (±0.001)  A  with  Ts  (RT  to 
400  °C).  Figure  3  shows  the  variation  of  lattice  parameter  with 
Ts.  We  attribute  this  decrease  in  lattice  parameter  to  the 


0  100  200  300  400 


TS(°C) 

Figure  3.  Variation  of  lattice  constant  as  a  function  of  Ts  for  YSH 
coatings.  Line  provides  a  guide  to  the  eye. 


changes  in  lattice-strain  and  crystallite  size  in  nanocrystalline 
YSH  films  with  increasing  Ts.  The  lattice  constant  obtained  for 
YSH  coatings  is  larger  compared  to  that  of  pure  Hf02  (5.09 
A).31  This  lattice  expansion  in  YSH  compared  to  pure  Hf02  is 
caused  by  the  addition  of  7.5%  Y203  and  can  be  understood  as 
follows.  The  ionic  radii  of  Y3+(0.96  A)  is  larger  than  that  of  Hf4* 
which  introduces  lattice  distortion  and  enforce  the  elongation 
of  bond  with  oxygen  in  close  proximity.  Monoclinic  and 
tetragonal  phases  consist  of  several  shorter  Hf— O  bond  lengths 
(2.0— 2.1  A)  compared  to  cubic  Hf02  (2.37  A).31  As  a 
consequence,  the  strain  energy  because  of  the  size  mismatch 
becomes  significant  in  monoclinic  and  tetragonal  phases.  On 
the  other  hand,  the  distortion  is  quite  less  in  cubic  phase  with 
the  oversized  Y3+  doping,  which  makes  cubic  Hf02  stable  even 
at  low  temperature.  Furthermore,  the  structural  relaxation  plays 
another  role  in  the  stabilization  of  cubic  phase  of  Hf02  by  Y203 
dopant.32 

B.  Surface  Morphology.  SEM  images  of  YSH  films  as  a 
function  of  Ts  are  shown  in  Figure  4.  The  effect  of  Ts  on  the 
surface  morphology  of  YSH  films  is  remarkable.  The  small, 
dense  particles  can  be  noticed  in  SEM  images.  The  fine 
micro  structure  and  uniform  distribution  characteristics  of  the 
particles  are  evident  in  the  micrographs  (Figure  4).  The  average 
size  increases  with  increasing  Ts  as  seen  in  the  micrographs. 
Based  on  the  observations  of  XRD,  SEM  and  data  analyses,  the 
effect  of  temperature  on  the  micro  structure  evolution  of  YSH 
films  can  be  explained  as  follows.  If  temperature  is  low  such 
that  the  period  of  the  atomic  jump  process  of  adatoms  on  the 
substrate  surface  is  very  large,  the  condensed  species  may  stay 
stuck  to  the  regions  where  they  are  landing,  thus  leading  to 
amorphous  YSH  films.  The  adatom  mobility  on  the  surface 
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Figure  4.  SEM  images  of  nanocrystalline,  cubic  YSH  coatings  grown  at 
300  °C  (image  A)  and  400  °C  (image  B).  Surface  morphology  of  pure, 
monoclininc  hafnia  with  comparable  grain  size  employed  for  thermal 
conductivity  measurements  is  also  shown  for  comparison. 


increases  with  increasing  Ts32,33  The  SEM  data  coupled  with 
appearance  of  diffraction  peaks  in  XRD  clearly  indicate  that  300 
°C  is  the  critical  temperature  to  promote  the  growth  of 
nanocrystalline  YSH  films.  The  average  grain  size  values  for 
YSH  films  grown  at  300  and  400  °C  were  21  and  25  nm, 
respectively.  The  temperature  observed  for  crystallization  of 
YSH  films  is  higher  compared  to  the  critical  temperature  (200 
°C)  required  to  promote  the  growth  of  nanocrystalline, 
monoclinic  pure  hafnia  films  using  sputter-deposition  as 
reported  elsewhere.3  However,  YSH  films  grown  in  this 
work  employing  YSH  target  crystallize  at  lower  temperatures 
without  needing  postdeposition  annealing  at  higher  temper¬ 
atures  and  under  controlled  environment  as  encountered  in 
films  grown  using  cosputtering  of  Y  and  Hf  targets.13  The 
surface  morphology  of  pure,  mono  clinic  hafnia  sample  is 
presented  in  Figure  4  (image  C)  for  comparison.  The  average 
grain  size  of  monoclinic  Hf02  films  is  23  nm. 

C.  Thermal  Properties.  Analysis  of  the  data  for  extraction 
of  thermal  conductivities  was  accomplished  with  a  frequency- 
domain  model35  in  which  the  ratio  of  the  in-phase  and  out-of- 
phase  lock-in  amplifier  signals  is  calculated  as  a  function  of  time 
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Here  m  is  an  integer  denoting  summation  over  pump  pulses,  T 
the  time  between  unmodulated  laser  pulses  (12.5  ns),  /  the 
modulation  frequency  (9.8  MHz),  and  t  the  time  delay  between 
pump  and  probe  pulses.  The  function  AT  is  calculated  with  the 
Feldman  matrix  algorithm  as  explained  in  reference  35  (eq  1  is 
also  multiplied  by  a  phase  shift  of  el2n^).  The  function  AT  is  the 
calculated  temperature  excursion  at  the  surface  of  the  sample 

AT  =  2kA  f°°  G(k)e~(Kkwf  kdk 

Jo  (2) 


In  eq  2,  A  is  the  absorbed  laser  fluence,  w  is  the  spot  radii  of  the 
focused  pump  and  probe  beams  (assuming  equal  Gaussian 
profiles),  and  k  is  an  inverse  space  variable.  For  layered 
structures,  the  function  G(k)  is  calculated  with  the  Feldman 
matrix  algorithm  as  fully  explained  in  ref  35.  Data  for  pump 
advance  times  earlier  than  t  =  100  ps  were  not  taken  into 
account  because  electron— phonon  coupling  was  not  equili¬ 
brated,  which  allows  the  Al  film  to  reach  a  uniform 
temperature.  Picosecond  acoustics  also  perturb  this  regime 
(which  facilitates  direct  measurements  of  the  Al  thickness).  For 
the  model,  a  five-layer  system  was  used  comprised  of  two  layers 
for  the  Al  film  (as  explained  in  reference  35),  an  interfacial 
conductance,  90  nm  for  the  sample  layer,  and  a  semi-infinite 
silicon  substrate.  This  five-layer  system  was  used  since  the 
sample  thicknesses  were  comparable  to  the  thermal  penetration 
depth  of  the  experiment  ( Dl2nf)xl 2  «  100  nm.  Here  D  is  the 
thermal  diffusivity  of  the  sample  layer  and  /  is  the  TDTR 
modulation  frequency.  When  the  sample  thickness  is 
comparable  to  the  thermal  penetration  depth,  the  TDTR 
experiment  will  be  sensitive  to  the  nature  of  the  substrate. 
Therefore,  it  was  deemed  necessary  to  explicitly  include  the  90 
nm  sample  thickness  when  modeling  the  TDTR  data.  In 
modeling  the  data,  a  volumetric  heat  capacity  of  2.73  J  cm-3 
K-1  was  used.36,37  For  the  samples  studied,  TDTR  data  were 
acquired  from  five  locations  on  each  sample  surface.  The  scans 
were  individually  modeled,  and  an  average  thermal  conductivity 
±  standard  deviation  value  was  calculated  for  each  sample. 

Illustrated  in  Figure  5  are  representative  raw  data  and  models 
for  the  pure  and  YSH  samples  that  were  measured  with  TDTR. 
The  thermal  conductivity  result  for  the  pure  hafnia  sample  of 
nano  crystalline,  mono  clinic  structure  was  2.57  ±  0.12  W  m-1 
K-1,  which  is  slightly  higher  than  the  values  reported  for  the 
similar  materials  of  polycrystalline  yttria-stabilized  zirconia 
(YSZ)38  and  YSH36  (-2.3  W  m_1  K"1).  Addition  of  yttria  to 
hafnia,  as  seen  in  the  other  3  samples  studied  with  TDTR, 
resulted  in  significant  decreases  to  the  effective  thermal 
conductivity.  The  YSH  sample  with  Ts  =  27  °C  had  a  thermal 
conductivity  result  of  0.87  ±  0.03  W  m-1  K-1.  This  large 
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Figure  5.  Individual  scans  of  TDTR  data  and  models  for  (a)  pure 
hafnia  and  YSH  films  with  Ts  =  400  °C,  and  (b)  YSH  films  grown  at 
300  and  27  °C. 


decrease  can  primarily  be  attributed  to  an  amorphous  structure, 
which  is  exemplified  in  the  XRD  data  of  Figure  2a.  Amorphous 
materials  are  known  to  have  lower  thermal  conductivity  than 
their  crystalline  counterparts.  This  can  be  attributed  to 
hindered  phonon  transport  in  disordered  materials  arising 
from  random,  noncentral  distortions  of  the  lattice.39  A 
minimum  thermal  conductivity  can  be  achieved  when  the 
phonon  mean  free  path  equals  the  phonon  wavelength 
(governed  by  the  speed  of  sound  in  the  solid).40  An  additional 
reason  for  YSH  materials  exhibiting  lower  thermal  conductivity 
than  pure  hafnia  is  the  introduction  of  oxygen  vacancies.36 
These  are  structural  vacancies  in  the  hafnia  monoclinic  crystals 
due  to  charge  compensation  of  Y3+  ions  substituting  for  Hf4* 
ions.  As  a  result,  phonon  scattering  from  the  vacancies 
decreases  effective  thermal  transport. 

For  the  samples  of  YSH  with  Ts  =  300  and  400  °C,  the 
thermal  conductivities  were  1.31  ±  0.03  W  m-1  K-1  and  1.35  ± 
0.04  W  m-1  K-1,  respectively.  The  increase  in  these  values 
compared  to  the  amorphous  structure  can  be  attributed  to 
crystalline  formation,  evidenced  in  the  XRD  data  of  Figure  2c, d. 
The  slight  increase  in  thermal  conductivity  between  the  YSH 
samples  of  Ts  =  300  and  400  °C  can  also  be  related  to  the  slight 
increase  in  grain  size  (from  21  nm  to  25  nm).  This  trend  of 
increasing  thermal  conductivity  with  increasing  grain  size  has 
been  found  for  YSZ  samples38  and  has  been  rationalized  as 
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decreased  grain  boundaries  in  larger  grain  materials  can 
decrease  phonon  scattering.  However,  it  should  be  noted  that 
the  thermal  conductivity  of  YSH  samples  are  low  compared  to 
that  of  pure,  monoclinic  Hf02  samples  with  comparable  grain 
size  (23  nm).  The  relationship  between  grain  size  and  thermal 
conductivity  bridges  the  regimes  of  amorphous  materials 
(random  structure)  and  crystalline  materials  (lattice  structure). 
As  grains  form  (crystallize)  and  coalesce,  the  material  becomes 
more  ordered.  The  random  scattering  sites  in  amorphous 
materials  are  replaced  by  grain  boundaries.  As  the  grains 
become  larger,  the  number  of  grain— grain  interfaces  becomes 
smaller  and  hence  phonon  interfacial  scattering  becomes 
reduced,  thereby  increasing  the  effective  thermal  conductivity 
of  the  material. 

4.  CONCLUSIONS 

Yttria-stabilized  films  of  90  nm  thick  were  fabricated  using 
sputter-deposition  at  variable  growth  temperatures  ranging 
from  room-temperature  to  400  °C.  The  structural  and  thermal 
properties  of  the  YSH  films  were  investigated.  The  effect  of 
growth  temperature  is  significant  on  the  structure  and  thermal 
conductivity  of  the  YSH  films.  X-ray  diffraction  and  scanning 
electron  microscopy  analyses  indicate  that  YSH  films  are 
amorphous  below  300  °C,  at  which  point  an  amorphous-to- 
crystalline  transformation  occurs.  YSH  films  crystallize  in  the 
cubic  phase.  The  critical  temperature  to  promote  nanocrystal¬ 
line,  cubic  YSH  film  growth  is  higher  compared  to  that  of  pure 
monoclinic  Hf02  films.  Yttria-stabilization  of  hafnia  films  in 
cubic  phase  significantly  lowers  the  effective  thermal  con¬ 
ductivity  compared  to  pure  monoclinic  hafnia  films.  The 
thermal  conductivity  of  amorphous  YSH  films  is  0.87  ±  0.03 
Wm1-K-1  and  that  of  nano  crystalline  cubic  YSH  films  is  1.31  ± 
0.03  Wm1-K-1.  The  effective  reduction  in  thermal  conductivity 
of  YSH  films  is  promising  to  utilize  these  materials  in  high- 
temperature  protective  applications. 
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